An assessment of the surface and subsurface geology in New Brunswick has identified several regions, close to Large Final Emitters (industrial sites releasing carbon dioxide, CO 2 , into the atmosphere), underlain by large volumes of various sedimentary rocks that could act as either the reservoir or seal in a carbon storage operation. There is a lack of subsurface data with which to make an assessment for the New Brunswick Platform, the Gulf of St. Lawrence, and Northumberland Strait. In the Moncton Basin, the McCully Gas Field is hosted in tight gas sands where it would be difficult to pump down CO 2 at an economical rate. The Stoney Creek Oil and Gas Field south of Moncton is not at sufficient depth for CO 2 to be in a supercritical state, necessary for compressed storage. Saline reservoirs could underlie suitably large areas around these fields, but again there is limited information on the quality of the potential reservoir rock. In the Bay of Fundy, south of Saint John, one borehole indicates a prospective location that includes a saline reservoir with suitable thickness and wireline-calculated porosity and permeability, a seal with suitable thickness, and limited faulting to potentially compartmentalize the reservoir or, conversely, compromise the continuity of the seal. The major uncertainty is trap volume, which is particularly difficult to assess based on the borehole being the only data point within a 50 km radius. This is also an environmentally sensitive offshore area. Until data deficiencies are addressed, no locations can be recommended for carbon storage.
INTRODUCTION
Increasing amounts of carbon dioxide (CO 2 ) in the global atmosphere were first identified by Keeling (1960) , and in the subsequent years annual peak concentrations have steadily risen from ~315 ppm to over 400 ppm in May 2013 (National Oceanic and Atmospheric Administration 2013) . Although these gases are produced naturally, much of the increase has been attributed directly and indirectly to human activity. Carbon-based natural resources, such as coal, oil, and natural gas (methane), increasingly have been used over the last century as a source of energy for transport, heating, and electricity generation. Such use requires that they be burnt, resulting in, amongst other waste products, CO 2 . Total annual Canadian emissions (year 2012 data) were 699 Mt CO 2 equivalents, of which CO 2 emissions contributed 79%; New Brunswick contributed just under 20 Mt CO 2 equivalent (Environment Canada 2014) .
Increased atmospheric CO 2 can lead to changes in animal and plant metabolism (e.g., Taub 2010 ). More of the gas subsequently being absorbed into oceans and lakes can lead to greater acidification of these water bodies (e.g., Caldeira and Wickett 2003) . Carbon dioxide is also a "greenhouse gas" because it limits the amount of heat that is radiated out from the Earth into space. Accordingly, along with other natural and anthropogenic factors, the gas is deemed to have played a potentially significant role in recent warming of temperatures in many parts of the world, i.e., "global warming" (International Panel on Climate Change 2013). The concentration of CO 2 is also predicted to continue rising in the upcoming years unless there is action taken to (i) actively remove CO 2 from the atmosphere (e.g., tree planting, algal farming), (ii) reduce use of carbon-based fuel, and (iii) reduce carbon emissions to the atmosphere (International Panel on Climate Change 2013).
Limiting further emissions of CO 2 to the atmosphere involves the capture and separation of CO 2 at the wastegas source. After successful isolation from waste emissions, the CO 2 must then be converted into a different product, or stored (sequestered), the latter usually also requiring transportation of the gas from the capture point to the storage area. In general, transportation would involve the construction of pipeline to carry CO 2 gas under significant pressure. For example, at over 75 bar pressure and 32°C, CO 2 acts as a supercritical fluid, whereby the vapour (gas) phase becomes as dense as the liquid phase yet flows as easily as a gas, diffuses like a gas, dissolves other material like a liquid, and has no surface tension (Span and Wagner 1996) . Transport issues might include routing and land procurement, burial, insulation, and metal corrosion (fortunately, CO 2 is not combustible). Storage may involve CO 2 being dissolved in aqueous solution or retained either in its gaseous state or as a supercritical fluid. Alternatively, it might be converted into organic carbon or an inorganic (carbonate) compound. To be successful, such methods of limiting emissions must be effective and cost-competitive,
Saline aquifers
Many geologic formations contain pores that are filled not with oil or gas, but instead with connate (saline/ alkaline) water. Such salty water (>10 000 mg/L total dissolved solids) is of no use for drinking or agriculture. Carbon dioxide may therefore be pumped down into these formations if they are not in hydraulic connectivity with potable groundwater aquifers. Increased pore pressures and lowered alkalinity can result, and it is unclear how this might affect the integrity of the formation and whether the dissolved phase or the supercritical phase may escape. Unlike the preceding two types of geological formation, injection into saline aquifers produces no commercial byproduct and so would be more costly to implement.
METHODOLOGY
This report addresses factors identified by the Technical Committee for the "Approach and Data Needs for the Production of the National Atlas of CO 2 Geological Storage Potential and Capacity in Canada" (Bachu, unpublished 2010 ) that can influence carbon storage potential on a regional/provincial scale, and for which some data already exist in New Brunswick. Following the format of Bachu (2003 Bachu ( , unpublished 2010 , six general logistical criteria relating to the surface transportability and stationing of captured gases are first addressed. Subsequent assessment of basic sedimentary basin criteria then permits identification of the regions where more specific geological assessments may be compiled.
GENERAL LOGISTIC CRITERIA

Proximity of potential storage sites to major CO 2 emitters (LFEs)
Large Final Emitters (LFEs) are stationary facilities emitting more than 100 000 tonnes (0.1 Mt) of CO 2 /year, as reported to the Greenhouse Gas Division of Environment Canada under the mandatory GHG Emissions Reporting Program introduced by the Government of Canada in March 2004 (see Fig. 1 ). Facilities emitting less than 0.1 Mt, and those whose emissions are distributed over a wide area, such as pipeline systems and major airports, are not considered as potential CO 2 capture sites because the economics of capture would not be viable.
Major costs that have to be assessed when considering capture and storage include transporting the captured gas by pipeline to the underground storage site (e.g., land procurement, pipe manufacture and installation, pressure booster stations, etc.). The greater the total CO 2 emissions, the more economical pipeline transport becomes per kilometre distance. The Technical Committee has suggested a ballpark figure of 500 km as the maximum distance (physical trapping). Petroleum remains in the subsurface permeable rock (reservoir) because the composition and geometry of the overlying rock have provided a long-term barrier (seal) to the upward flow of the petroleum, thus trapping the buoyant fluid at depth. The seal rock has either fractures or pores that are too small and disconnected for fluids to flow through (e.g., shale), or it lacks such spaces altogether (e.g., rock-salt). The effectiveness of a seal is dependent on the fluid present. Fractures that might be too small for large molecules of oil to pass through may be large enough to allow seepage of natural gas (methane) molecules. Carbon dioxide has a kinetic diameter even smaller than methane and so a rock might be impermeable to methane, but permeable to CO 2 .
Injecting CO 2 under pressure can increase pressures in a petroleum reservoir, allowing more petroleum to be extracted. Some CO 2 can also be absorbed into the oil (Perez et al. 2006) , essentially making it less viscous and improving its flow to the well-bore (Emberley et al. 2005) . The extra oil produced, however, also brings the CO 2 back to the surface. The most widely reported trial and monitoring of such CO 2 injection is at the Weyburn oil field in Saskatchewan where over 18 Mt have already been stored under the 500 km 2 test area (Wildgust et al. 2013) . The cost of piping the waste CO 2 from a power plant is being offset by an estimated additional 155 million barrels of oil produced at the field (Emberley et al. 2005) . Note that this much oil, burnt as fuel, will itself produce over 40 Mt CO 2 . The stored CO 2 eventually would be distributed between a dissolved phase in formation waters ("solubility" trapping) and, particularly if silicate mineral assemblages are present in the storage rock, precipitation of new carbonate-bearing mineral phases within the pores ("mineral" trapping) (Gunter et al. 2000) .
Coal-bed methane, shale, and oil-shale
Seams of coal can contain large amounts of methane-rich gas adsorbed onto the surface of small but often regular fractures (cleats) in the coal. Injecting CO 2 can cause the methane (natural gas) to be displaced with the CO 2 being left behind, locked by adsorption, onto the coal (White et al. 2005) . Methane is also a much cleaner-burning fuel than the coal that might otherwise be mined. Shale also commonly contains organic matter (oil shale in particular) that may similarly act as an adsorption substrate for CO 2 storage. However, the networks of small fractures in these rocks are much more variable in interconnectedness and abundance than in coal seams, and the pore spaces much smaller than in sandstone. Most shale (likewise igneous and metamorphic rock) therefore has negligible permeability, which would limit the injection of CO 2 at any meaningful rate. Artificial means of fracturing (fracking) in the subsurface are an increasingly common method adopted by the petroleum industry to increase permeability in oil and gas reservoirs, but would further add to costs.
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Climate
Climate plays a role in the logistics equation in that extreme conditions also tend to increase transport costs. Permanently frozen ground (permafrost) of arctic and subarctic zones prohibit burial of pipe. Hot, humid conditions can promote corrosion. Th e relatively temperate climate across all of New Brunswick is not a barrier to carbon transport. above which CO 2 transport costs become prohibitive. A concentration of major LFEs contributing to one large pipeline that was constructed across fl at grasslands can extend this distance; steep mountains and valleys, or lakes, estuaries and oceans that have to be crossed would reduce this distance. Since the distance across New Brunswick in any direction never exceeds ~425 km, and the topography is nowhere severe, this logistical factor is not a detrimental issue. The density of an onshore transport network (in particular, permanent roads) plays a role in the logistical equation, because pipeline routes have to be accessed for excavation and maintenance. Building and upkeep of dedicated roads for pipeline access are a significant expense that can be avoided if existing rights-of-way can be used. The expense, if necessary, is highly variable, depending on topography (steep slopes, expanses of floodplain and marsh, etc.), climate (duration of frozen ground), vegetation, and foundation (soil or bedrock). Good transport networks generally equate to workforce availability and existing industrial base, since the networks usually link larger settlements and urban areas. However, only very general guidelines have been adopted by the Technical Committee.
In New Brunswick, most of the central and northern parts of the province have only a few permanent transport routes and only small settlements. The St. Stephen -Saint John -Sussex -Moncton corridor, the north and east coasts, and Saint John River valley provide the greatest employment opportunities, existing industrial base, and transport links.
Accessibility (offshore, including infrastructure)
The expense of building and maintaining pipeline increases when the pipeline has to be submerged. The expense also increases with distance from shoreline, since technology, though expensive, can now allow near-to-shore subaqueous sites to be accessed from onshore via directional drilling of inclined and horizontal wells out beyond the coastline. Expense also increases with increasing water depth as larger, more costly, offshore drilling rigs must be used.
The offshore extent of New Brunswick's jurisdiction in the Gulf of St. Lawrence is uncertain, since there are boundary disputes with, and between neighbouring provinces. Regardless, Gulf and Straits waters remain shallow for several tens of kilometres offshore, well beyond potential boundaries. Similarly for the Bay of Fundy, most waters remain relatively shallow (<60 m) out beyond potential boundaries. In terms of infrastructure, no permanent offshore rigs exist in New Brunswick waters, but for both offshore areas, there are ice-free deep water ports from which offshore installations could be serviced.
Regulatory status
The pressurized transport, pumping, and storage of gases underground are regulated by government acts. For onshore New Brunswick, legislation exists in the form of the Underground Storage Act of 1978. However, it is unclear if the wording covers very long term storage and may need revision for carbon storage. Legislation for offshore beyond the coastline is further complicated by provincial disputes as to the location of provincial boundaries in the Gulf of St. Lawrence, and uncertainties as to whether joint federalprovincial governance is required in the New Brunswick portion of the Bay of Fundy.
Fossil fuel exploration
Exploration for fossil fuels typically involves the drilling of deep subsurface boreholes (beneath the zone of potable drinking water, and the depth of groundwater drinking wells), and thus potentially close to depths where carbon storage may be attempted. Also, since there is the potential to encounter combustible fluids, such drilling is highly regulated and monitored, resulting in considerable amounts of subsurface information being collected and stored (in contrast to most metallic-mineral exploration boreholes, where limited data are collected). This subsurface data typically include information regarding the rock and fluid present and often information on the physical state of the subsurface, such as temperature and pressure. Such fossil fuel exploration data provide the basis for assessment and rating of geological criteria that are discussed in the following sections. The drilling of boreholes usually follows the assessment of geophysical properties of the subsurface, such as seismic, the collection of which also provides important geological information.
In areas where there has been no coal, oil, or natural gas exploration, there is a lack of subsurface data from which a geological assessment of storage capabilities can be made. In these situations, attempting carbon storage would be highly speculative: potentially high expense without any creditable expectation of success. In places where there have been no successful petroleum finds, or where only a few oil and gas wells have been sunk, the subsurface data remain limited and, typically, localized. Where oil and gas fields have already been in production, widespread, more regularly spaced, subsurface data exist. Potentially, the economic life of wells near exhaustion might be extended by injection of CO 2 , thus offering an economic offset in storage costs.
Fossil fuel exploration in New Brunswick has mostly been confined to a belt running from Sussex to southeast of Moncton (Fig. 1) where a limited number of oil and gas fields are in production. More limited exploration, without success, has been attempted in the Bay of Fundy. Information from elsewhere is mostly lacking. Coal has also been mined in central New Brunswick, around Minto.
GENERAL SEDIMENTARY BASIN CRITERIA
The most basic geological criterion affecting the potential for carbon storage is the presence of a sedimentary basin (Bachu 2003) , because it is sedimentary rocks that typically have pore space which can be filled with fluids such as CO 2 . Porous sandstone and limestone are most typical, although fractures in these rocks or in coal and shale may also store A preliminary assessment of carbon storage suitability in deep underground geological formations of New Brunswick, Canada Copyright © Atlantic Geology, 2015 (the fracturing may even be engineered). Coal is similarly a potential storage rock when microfractured. Sandstone and, to a lesser extent, carbonate rock (limestone, dolomite) are the typical reservoir rock types and thus the major storage targets. Sedimentary basins in which only shale and evaporite are identified would not be suitable because of the lack of a storage rock, those primarily of sandstone would lack an effective seal. Non-sedimentary rocks, typically (igneous) rocks crystallized from lava flows, may also be interlayered with sedimentary rocks in a basin and act as an impermeable barrier.
The Matapédia Basin Complex and the Fredericton Belt contain both seal (shale) and reservoir (sandstone, limestone) rocks, although commonly these have undergone some degree of metamorphism (Carroll 2003) , so reservoir porosity may be lacking. In the Maritimes Basin Complex, the strata are predominantly of sandstone (reservoir), conglomerate, siltstone, mudstone, and shale (seal), locally abundant evaporite (seal), thin limestone, occasionally mineable coal seams (reservoir), and rare basalt (seal). In the Moncton Basin, rocks assigned to the fluids. Rocks that do not form part of a sedimentary basin are not considered to be suitable for storage.
The presence of sedimentary rock cropping out at the surface is an indication of a sedimentary basin extending into the subsurface. Basins are typically named after the region in which they crop out. With the exception of the highland areas (Figs. 1-3), sedimentary basins extend across much of New Brunswick, primarily related to the early Paleozoic Matapédia Basin, the late Paleozoic Maritimes Basin, and the Mesozoic Fundy Basin (Fig. 2) . These basins are now complex entities divided into an arrangement of connected (e.g., bounded only by syn-sedimentary fault systems) and outlying smaller basins and sub-basins. Some of these divisions are previously defined in the geological literature (e.g., "Sub-basin" capitalized herein, and "Belts"), others are herein informally introduced to aid discussion (e.g., "sub-basin(s)" not capitalized), namely (and Fig. 3 
Rock types present
This criterion relates to whether the sedimentary rock present can act as a seal, or a reservoir (storage). Evaporite rock, such as gypsum, anhydrite, and rock salt are nonporous (no storage potential), but do provide a highly impermeable barrier (seal) to the migration of subsurface fluids. Fine grained clastic rock (mudstone, claystone) most commonly also acts as an impermeable barrier. The more fissile equivalent, shale, is usually a seal but may be fractured on the microscopic scale and act as a fluid store extent of the Weyburn Field in Saskatchewan). However, an entire basin with such a limited surface area in most cases would not have sufficient volume at depth simply because of basic basin geometry and the thickness of highly porous reservoir rock (and impermeable cap-rock) that would need to be present in the suitable depth window. These constraints need not apply once the surface area of the (sub-) basin exceeds the minimum cut-off of ~5000 km 2 , provided that the other criteria are supportive. Basins with significantly larger surface area (e.g., >25 000 km 2 ) would be most suitable, for they could provide several storage targets in the same vicinity so that, once one storage target is filled, a nearby target could be accessed with minimal additional logistical cost.
The Restigouche, Victoria and York, Saint John, Charlotte and Grand Manan sub-basins each cover a surface area of <1000 km 2 , and so could only ever be considered as potential satellite sites to larger storage options that might Albert Formation (Horton Group, Mississippian) host the only known petroleum system in onshore Maritime Canada. As such, this Basin has been the focus of most of the fossil-fuel exploration in the province and has by far the most sub-surface information available. Incorporating outcrops on the Nova Scotia side of the Bay of Fundy, the Fundy Basin Complex is known to contain predominantly siltstone, mudstone, some conglomerate and shale (all seal), locally abundant sandstone (reservoir) plus a considerable thickness of basalt (seal).
Surface area
The surface area is a general two-dimensional representation of the scale of a basin that might reasonably be considered to hold a commercially viable amount of CO 2 . A successful storage area might have a surface footprint equivalent to as little as 1000 km 2 (the approximate surface depending on the forces active in forming the basin, depth may be estimated from summation of the vertical thickness of component sedimentary layers at the surface, geophysical analyses, or borehole information. In the Matapédia belts, seismic data are lacking and only one 200 m borehole (Notre Dame de Lourdes, Fig. 4 ) has been drilled in New Brunswick, although the correlative rocks in Québec host the Galt and Haldimand oil fields at ~1.5 km depth on the eastern Gaspé Peninsula (Fig.  2) . Carroll (2003) has calculated that over 12 km of tilted strata may be present to the west of Campbellton. In the Restigouche, Victoria and York sub-basins, no subsurface data are available and, based on surface structural relationships (e.g., Smith and Fyffe 2006a, b) , the rocks are unlikely to extend over 0.6 km deep. For the Saint John and Charlotte sub-basins, no onshore seismic or borehole data exist. These basins may continue offshore, faulted down below strata of the Fundy Basin Complex but this is based only on marine seismic interpretations (Wade et al. 1996) . The remaining basins, from boreholes, gravity maps, and seismic, are known to extend >1 km deep over wide areas (e.g., Gussow 1953; Martel 1987; Wade et al. 1996 ; Waldron be found in the Matapédia or Fundy basin complexes. The Sackville sub-basin is of similar size, and the Cocagne Graben is <2000 km 2 in size. These two could be potential satellites to options in the Maritimes Basin Complex. The three Matapédia belts, the New Brunswick Platform, Moncton Basin, and Fundy sub-basin are of sufficient areal extent, and also extend into adjacent jurisdictions (Fig. 2) , potentially allowing for storage collaborations with other governments.
Depth to basement
The presence of a shallow basement (metasedimentary rock of an earlier basin or non-sedimentary rock) makes an area unsuitable for CO 2 storage. For CO 2 to be supercritical requires depths of 800 to 900 m under normal pressuretemperature gradients. Displacement of methane in the fractures of non-mineable coal requires depths of over 600 m. If a basin is over 1 km deep, it has obvious potential for both absorption on coal and supercritical fluid storage. This criterion can be directly measured in regions where boreholes have drilled through to basement. Elsewhere, overcooked and unsuitable, with surface rock having been at >2.0% Ro. In the Cocagne Graben, Moncton Basin and Sackville sub-basin, surface vitrinite values are mostly in the oil and gas window, although there are anomalous locations along the basins' mutual boundaries (the Berry Mills fault system including the Indian Mountain Deformed Zone, and the Caledonia -Dorchester fault system, Fig. 3 ) where higher values are recorded. Data from the two boreholes drilled in the Fundy Sub-basin indicate vitrinite reflectance of around 0.5, and 0.8 close to the base of the drilled sections (~3 km depth). Carroll (2003) observed graphitic slate in the Aroostook -Percé Belt and widespread cleavage in the Connecticut Valley -Gaspé Belt, which support the high vitrinite data for the Matapédia Basin Complex and indicate that little porous storage rock will exist at depth. Cropping out along much of the southwestern and western margin of the New Brunswick Platform are additional Silurian strata assigned to the Fredericton Belt (Fig. 3) . These rocks, likely continuous below at least the western half of the New Brunswick Platform, are also sedimentary in origin. However, they are not discussed in detail in this report because they widely display metasedimentary features such as cleavage (e.g., Park and Whitehead 2003) , and can be considered the local basement. In the Cocagne Graben outcrop, Horton Group rocks locally also exhibit slight cleavage in the Indian Mountain Deformed Zone (Park and St. Peter 2008) .
Faults
The presence of a large number of faults in an area, if sealed, would result in greater compartmentalization of the storage reservoir. More drilling would be required in order to penetrate the large number of small storage compartments that would need to be filled separately. Conversely, there is the possibility that some of the faults might not be sealed, which could lead to leakage of the stored gas if a fault cut through the cap rock or the fault formed part of the (supposed) seal. Basins that have been subject to a greater number of tectonic episodes, or deformation events, are typically more extensively faulted and thus less suited for storage.
Several deformation events are identified in the Matapédia Basin Complex (e.g., Wilson and Kamo 2012) and based on bedrock geological maps and reports, folding and faulting is inferred to be extensive. Similarly, the Maritimes Basin Complex has undergone numerous deformation events but most were intermittent with sedimentation in the basin (Wilson and White 2006; Park et al. 2007 ). Accordingly, Horton Group strata at the base of the Mississippian succession may have been subject to four or more deformational events (Park et al. 2007 Fig. 4 ).
Current thermal regime
This is another indicator of the depth at which CO 2 will behave as a supercritical fluid. Measured in the subsurface either via a mineshaft or borehole, low temperature gradients (<30°C/km = cold basins) require deeper storage for the CO 2 to be in a supercritical state than where the temperature gradient is steeper (>40°C/km = warm basins). Unpublished data from the McCully gas field in the Moncton Basin (New Brunswick Department of Energy and Mines, borehole files) indicate that the basin is cold and this likely is also the case for all the other basins onshore. Similarly for the Fundy Basin Complex, unpublished data indicate a maximum geothermal gradient of only 24.4°C/km.
Maximum basin-burial temperature and compaction
This is an indicator of the maximum temperature (proxy for depth) to which the rock has ever been buried. High temperatures (>225°C) and burial depth usually indicate more pore spaces have been filled by mineral cements, leaving a lower quality reservoir for storage. Similarly, the onset of metamorphic processes and cleavage development indicates high temperature and pressure and thus limited remnant porosity. The maximum temperature for oil generation is ~175°C; above which only natural-gas fields would be available to maintain pressure regimes. Maximum burial values can be calculated at the surface by looking at how "cooked" any contained fossil plant material (vitrinite) appears (Fig. 3) . If rocks now uplifted back to the surface have previously been buried to a particular depth (temperature), underlying rocks in the subsurface should have been at least as hot.
Detailed vitrinite reflectance data have been presented for parts of the Matapédia and Maritimes basin complexes (Fig. 3) by St. Peter and MacIntosh (2005) and Lavoie et al. (2009) . Data only exist for the northeastern third of the Matapédia Basin Complex and most surface rocks are thermally overmature. Only in the Tobique -Chaleur Belt, and specifically limited to the small area east and west of Campbellton, do vitrinite data suggest the rocks at the surface have only been buried down into the oil or condensate window, i.e., vitrinite reflectance, Ro, <2.0% = <200°C. In the New Brunswick Platform, data indicate an east to west trend of increasing thermal maturity, from the upper oil window (0.6% Ro) to the upper gas window (1.5%), with only the far southwestern corner potentially A preliminary assessment of carbon storage suitability in deep underground geological formations of New Brunswick, Canada Copyright © Atlantic Geology, 2015 xiii), can be taken a stage further. Strictly, this requires applying broad numeric values to various equations. These equations collectively indicate the volume of CO 2 that can ultimately be stored at depth and whether this volume can be filled at a flow rate similar to the production of CO 2 by the LFEs (e.g., Martinez et al. 2009 ). Not all of the required values are available for any of the basins in New Brunswick (e.g., data on seals and trapping structures). However, at this preliminary stage, and following Bachu (2003 and unpublished) , Bradshaw et al. (2007) , Chadwick et al. (2008) , many of the required values instead can be simplified into a ratings system and tabulated (Tables 1 and  2 ). The presence of regional seals and trapping structures for oil, gas, and saline reservoirs are not assessed.
New Brunswick Platform (basin vii)
Properties of subsurface strata in the Platform are known from numerous boreholes, but supplemented by only a few seismic lines (Fig. 1) . Several of these boreholes reached basement at less than 250 m depth, indicating that large portions of this region are unsuitable for storage. The strata offshore are known only by extrapolation downdip from the onshore, and from one borehole offshore Québec in the vicinity of New Brunswick's jurisdiction (Bradelle L-49, Fig. 2 ). No boreholes have been drilled in New Brunswick waters.
Coal
Coal has been surface mined around Minto. Although numerous boreholes have been drilled in the central lowlands, sporadically identifying coal at shallow depths ( Fig. 1) only fifteen have been drilled over 600 m deep (Wilson and Ball 1983) . Of these, only the Marysville #2 (Fig. 4) well report contains reference even to coal stringers (thin discontinuous material of no storage potential) at a depth of more than 400 m. At 100 km offshore, in the Bradelle L-49 well, a coal-bearing interval occurs between 1.5-1.9 km depth. Assuming this is the same coal interval Early Pennsylvanian tectonics involved the formation of salt walls and diapirs in the Moncton and Sackville basins (Waldron and Rygel 2005; Wilson and White 2006) . Seismic data from the Fundy Basin Complex indicate that faulting is relatively sparse (e.g., Wade et al. 1996) and primarily related to basin-bounding faults that have undergone only one phase of mostly extensional movement.
Current tectonics (earthquakes)
Movements on faults that cross a basin (earthquakes) would be a problem for pumping and storage infrastructure located at the surface, as well as posing a concern for storage reservoir integrity if the fault formed part of, or cut through what might be considered the seal of a saline reservoir. An historical earthquake record for the province has been documented by Burke (2009) and Natural Resources Canada (2010) has issued a national earthquake hazard map that includes New Brunswick (Fig. 3) .
The hazard map indicates that most of the province has an acceptable moderate to moderately low risk of a major (>6 magnitude) earthquake. However, the risk south of St Stephen is rated moderately high, being close to a documented 5.9 earthquake epicentre (Burke 2009 ).
SUBSURFACE GEOLOGICAL CRITERIA
In terms of the general geological criteria that can be retrieved from surface and existing subsurface data, most sedimentary basins in New Brunswick appear to have minimal potential for carbon storage. Several basins belonging to the Maritimes and Fundy basin complexes are simply too small in surface area and also lack subsurface information (basins v, vi, viii, x, xi, xii, and xiv) . The belts of the Matapédia Basin Complex (basins i, ii, and iii) and the Fredericton Belt (basin iv) are thermally overmature or tightly folded, faulted and cleaved, or both.
Review of the sedimentary basins with a more favourable storage outlook, namely the New Brunswick Platform (basin vii) Moncton Basin (basin ix), and Fundy Sub-basin (basin Bachu et al ., 2007; Bradshaw et al ., 2007) . For all basins in New Brunswick, the preliminary assessment rating = 1. Table 2 . Specific geological criteria for carbon storage potential in saline aquifers and petroleum reservoirs (adapted from Bachu, 2003 Bachu, , unpublished 2010 Chadwick et al ., 2008) . The lowest rating given for any criterion provides the overall preliminary assessment rating. For example, in basin xiii, a sufficiently deep, thick, porous, permeable reservoir is of uncertain spatial extent that may be < 1000 km are the best understood in the province. There is both extensive seismic and borehole information available ( Fig. 1) because the Basin hosts the only known petroleum system onshore Maritime Canada, and has been the focus of petroleum exploration (e.g., Stoney Creek Oil and Gas Field, McCully Gas Field, Fig. 4 ). The petroleum is present in the Albert Formation (Horton Group), which lies near the base of the Mississippian stratal succession. There is only sparse seismic offshore in the Northumberland Strait, but data also can be extrapolated from onshore PEI (e.g., Irishtown #1, Spring Valley, Fig. 2 ).
RATINGS
Coal
As was the case in the Platform, although numerous boreholes have been drilled in the Moncton Basin, no associated reports refer to coal below 600 m. On PEI, the Irishtown #1 well encountered coal at the optimal depth of 800-1100 m suggesting storage might also be available at appropriate depth in the Northumberland Strait. Again, much exploratory work is needed before a recommendation can be given.
Oil, gas, or saline reservoirs
Over 100 boreholes in the southeast have been drilled to below 1 km depth (Fig. 4) . This is supplemented by a similar number of 2D seismic lines (of highly variable quality) and some 3D coverage associated with the petroleum finds and potash exploration.
The McCully field accounts for nearly 40% of deep boreholes in the region. It has several characteristics beneficial to storage, such as a low thermal gradient, stacked Albert Formation sandstone packages below 2 km depth (although individual beds may be under 40 m thick) and a combined doubly folded-unconformity trap (Durling and Martel 2003) . Seismic results indicate that strata from beneath the currently producing pools have a spatial extent around the minimum required (1000 km 2 ) but there are other, more detrimental factors. The Albert Formation rock is extensively faulted (Wilson and White 2006) , resulting in compartmentalized reservoirs. The field is overpressured (3500 kpa, or 500 psi, above hydrostatic; Martel and Durling 2001 ) and pressure stimulation is not going to be required over the next 30-40 years because formation pressures are expected to decline slowly (Martel, pers. comm., 2008) . Porosities are low with values mostly <10% (e.g., in the J-65 well, maximum core analysis ϕ = 10.4% at 2695 m). Permeabilities are very low, classifying the field as a "Tight Gas Sand" play with values mostly <5 mD (e.g., maximum core analysis k = 3.25 mD at 2697 m in J-65). There is also unusually low residual water saturation of ~10% (Martel and Durling 2004) . The adjacent Caledonia oil field is still under evaluation, and so data from this location remains confidential. However, there is little reason to suspect all of the aforementioned problems with McCully would as at Minto, if continuous, the coal may be at appropriate depth under coastal areas of northeastern New Brunswick. No analyses of these coals were found in a brief literature search and no further analysis can be undertaken. As a result, although there are positive indicators much exploratory work is needed before a cautionary recommendation can be given.
Only five of the 270+ boreholes in the Platform have been drilled below 1 km depth (Fig. 4) . Although Fredericton #2 borehole (Total Depth, TD, 1102 m) was not cored, it is reported to have wireline information recorded, including lithologic and porosity logs; however, none were found during this study. No wirelines were taken for the Rogersville #1 well (basement below 692 m), Newcastle #1 (basement below 986 m, with only <1 m thick sandstone interbeds present below 812 m), and Killarney #3 (TD in shale at ~1050 m but no sandstone below 960 m). For the Beaverdam D-76 well, the uppermost ~1 km is assigned to the coal-bearing Pictou Group below which is a succession of volcanic rocks, meta-sedimentary rocks, and dolomite of unknown stratigraphy.
The Bradelle L-49 well, offshore Québec, drilled through much of the stratal succession belonging to the Maritimes Basin Complex (Hu and Dietrich 2008) : 2800 m of Pennsylvanian strata and 1534 m of Mississippian strata (including Horton Group). Cored sandstone of the Pennsylvanian Pictou Group at 960-970 m depth produced marginally suitable porosities (ϕ) of 10-20%, and permeabilities (k) of 10-100 mD. The thickest sandstone intervals at similar depths are suitably 15-40 m thick. With increasing depth to 1.4 km, however, the sandstone units thin and permeabilities (from wireline logs only) appear to max-out at around 10 mD. If the burial related compaction and cementation occurs basinwide at similar depths (Lavoie et al. 2009 ), sandstone below 1.4 km that has low porosity in Bradelle L-49 may be of better quality where it is at shallower depth in New Brunswick's jurisdiction.
Following the assessment criteria of Table 2 , for offshore New Brunswick, these Pennsylvanian sandstone units would produce a "cautionary recommendation" in terms of depth, thickness, porosity and permeability. More problematic would be the integrity of the seal in the form of the interbedded mudstone. Well-log analysis indicates that even the 60 m thick mudstone beds are not homogenous, but have an appreciable sand content (sandy mudstone or thin sandstone stringers).
Moncton Basin (basin ix)
Subsurface strata in the Moncton Basin (and to a lesser extent the potential satellite areas in the Cocagne Graben and Sackville sub-basin of the Maritimes Basin Complex)
A preliminary assessment of carbon storage suitability in deep underground geological formations of New Brunswick, Canada Copyright © Atlantic Geology, 2015 and wireline data are not promising. Th e Lee Brook #1 well (TD 2100 m) has been sparsely cored and data from 984-999 m show maximum ϕ = 9.9% and maximum k = 1.4 mD (in contrast, wireline data indicate 2 m of sandstone with over 30% porosity in this interval). For the Will De Mille #1 well (TD 2644 m), porosities calculated from wireline data indicate the presence of highly porous (>20%), but thin (<5 m thick) sandstone beds at 1558-1563 m depth.
Elsewhere in the region, the other deep boreholes have conclusively identifi ed only strata from higher up in the Carboniferous succession. Th e relative advantage of such rocks is that they have been subject to progressively fewer episodes of deformation and so faulting is less extensive. Th e downside is that the sandstone and limestone encountered were not the target rocks for the exploration and so corerelated data are generally lacking. In the Cocagne Graben, the Monteagle L-18 well (TD 1977 m) has ϕ>10% recorded across 11 m of section between 900-1000 m but at greater depths sandstone beds are not suffi ciently thick nor abundant. Other Monteagle cores have open fractures and faults. On PEI, the Spring Valley well indicates porosities of 12-20% in sandstone at 1.0-1.3 km depth (Lavoie et al. 2009) . Th e nearby Irishtown well has slightly lower logcalculated porosities.
Several of the assessment criteria of Table 2 locally are met for Moncton Basin strata (depth, thickness, porosity) but when considered collectively and with spatial extent and pressure regime also accounted for, the basin would still require further investigation before it is given a "cautionary recommendation".
Fundy Sub-basin (basin xiii)
Subsurface strata in the Bay of Fundy are of Mesozoic age and form part of the Fundy Basin Complex. Neither coal nor petroleum has been encountered to date, and so the only targets are saline reservoirs. Although there is broad seismic coverage, borehole information is limited to two wells (Figs. 1, 5, 6) . disappear across only a few kilometres distance. With respect to potential saline reservoirs, strata overlying the Albert Formation in the vicinity of McCully include what from seismic and fi eld mapping relationships appear to be much less extensively faulted mudstone, sandstone, and conglomerate of the overlying Mississippian Sussex Group that are all below 1 km depth. Unfortunately, these rocks have not been cored and wireline logs do not indicate the presence of thick porous and permeable reservoir sandstone.
An additional 40% of the deep boreholes have been drilled on or around the Stoney Creek fi eld. Th e fi eld itself is located at shallow depths (600-900 m), and so is unsuitable for storage. Several deeper exploration boreholes (on strike east and west, or down dip to the south) searching for additional pools and satellite fi elds have encountered Albert Formation or underlying Mississippian sandstone below 1 km depth that could act as a saline reservoir. Taking into account deep boreholes on both sides of the Petitcodiac estuary, the surface area criterion could be met, but the number of major faults running E-W through the area pose a major problem of reservoir discontinuity or leakage (e.g., St. Peter and Johnson 2008) . Also, although porosities are generally suitable, reservoir thickness and permeabilities are a concern. In the 1985 IOL Stoney Creek #1 well ( On the map, the area shaded in brown illustrates the potential area in which the North Mountain Basalt is at suffi cient depths to provide an additional seal. Modifi ed from Wade et al. (1996) .
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Saline reservoirs
Both wells drilled in the Bay of Fundy had core recovered, but not from intervals of relevance to a carbon storage assessment. As noted by Wade et al. (1996) , wirelines from the Chinampas N-37 well indicate a cumulative thickness of 280 m of reservoir sandstone but porosities are suggested to range between only 3-16%. Formation salinities were high (125 000 ppm Cl -). In contrast, the Cape Spencer P-79 well (Fig. 6 ) contained less cumulative sandstone, but particularly in the interval between ~1200-1600 m, very suitable storage conditions are inferred from wireline data. Wolfville Formation sandstone porosities, potentially between 15-25%, along with a good indication of permeability exist from 1500-1536 and 1538-1575 m (36 and 37 m continuous thickness, Fig. 6) . These values are supported by descriptions of the drill cuttings, which indicate unconsolidated sand and therefore a lack of porefilling cement. Overlying rocks appear to be predominantly low porosity (and permeability) shale that can be continuous (no interbedded sandstone) for over 30 m thickness to provide a seal. Also, as shown in Wade et al. (1996, and Fig. 5) , the well was drilled through a partly fault bounded anticline that likely provides a trap of sufficient spatial extent at the required depths. No documentation was found that indicates the pressure regime. The major limitation at the moment is the uncertainty regarding the spatial extent for the actual trap, and thus uncertainty of total storage capacity: the borehole represents the only point containing subsurface Wolfville Formation data within a 50 km radius. The only other borehole, Chinampas N-37, does not contain such high quality reservoir sandstone. If the sandstone was laterally persistent to the south and east of these boreholes, the North Mountain Basalt would additionally be available to act as a regional seal (Fig. 5) .
SUMMARY
New Brunswick would be a suitable location for CO 2 storage given that it has several point industrial sources (Large Final Emitters) currently releasing CO 2 into the atmosphere and contributing to Canada's greenhouse gas emissions. The entire onshore and offshore jurisdictions Figure 6 . Annotated wireline responses for the interval from 1175 to 1625 m depth in the Cape Spencer #1 well. In track 1, the Self Potential (SP) kicks to the left (pink highlight) indicating a permeable interval, with the similar kick in the Gamma Ray (GR) indicating low clay and K-feldspar content, e.g., quartz arenite sandstone. In track 2, the lack of an equivalent kick to the right in the resistivity (R: pink highlight) indicates the permeable interval is of saline water. In track 3, high (pale yellow) and very high (yellow) porosities are indicated by the compensated neutron porosity (CN) log.
A preliminary assessment of carbon storage suitability in deep underground geological formations of New Brunswick, Canada Copyright © Atlantic Geology, 2015 that supportive subsurface data become available, these regions of the province cannot be recommended for CO 2 storage.
The Moncton Basin contains the only commercial petroleum fields in onshore Maritime Canada. However, the McCully Gas Field is a long way from being depleted and, regardless, is hosted in tight gas sands where it would be difficult to pump down CO 2 at an economical rate. The Stoney Creek Oil and Gas Field is not at sufficient depth for CO 2 to be in its supercritical state. Saline reservoirs, with no associated economic benefit from petroleum extraction, could underlie suitably large areas around these fields, or offshore to the east. There are limited reliable data on the quality of the potential reservoir rock and the data indicate only moderate porosity and permeability. Most of the available data are also from the oldest (typically deepest buried) sedimentary rock (Horton Group) that has undergone the most deformation (faulting). This would be detrimental to a storage program because faults separate the reservoir into small compartments, each of which would have to be separately filled, further increasing the expense. Faults might also transect the seal where they could act as conduits for CO 2 leakage. Younger strata at suitable depth could represent stores and seals, but until more core is taken and analyzed from such rocks, their suitability is not confirmed. Accordingly, these regions of the province currently cannot be recommended for CO 2 storage.
Strata underlying the Bay of Fundy have characteristics that support a cautious recommendation for carbon storage in terms of trap type; a reservoir with suitable thickness, salinity, and wireline-calculated porosity and permeability; a seal with suitable thickness; and limited faulting to potentially compartmentalize the reservoir or, conversely, compromise the continuity of the seal. However, this location, south of Saint John, is currently of uncertain pressure regime and trap volume. The porosities and permeabilities need to be confirmed by analysis of core that, as yet, does not exist. In the case of trap volume, the problem is compounded because the prospect is identified from only a single data point (the Cape Spencer P-79 well). There is no commercial by-product (petroleum, coal) currently identified and so development would be costly. Until such time (following further exploratory geophysical and borehole surveys: of considerable expense in offshore areas, and to be conducted in an environmentally sensitive area), this region of the province also cannot yet be recommended for CO 2 storage.
would be in close enough proximity for economic transport by pipeline of captured and compressed CO 2 . The pipeline would not be subject to a detrimental climate and any route would likely be sufficiently accessible and could readily be built by local industry and workforce. The regulatory status is generally in place but clarification would be needed regarding wording in the existing Underground Storage Act, and whether joint federal-provincial governance might be required for oversight in the Bay of Fundy. An existing petroleum industry has also allowed for more detailed local geological assessment of storage potential.
New Brunswick contains several upland and highland regions where the basic geological criteria for storage in the subsurface are not met. Many of the surface rocks in the northwestern half of the province (roughly demarked by the area northwest of a line running from Fredericton to Bathurst) are of "basement" igneous or metamorphic rock. Similar rock types are prevalent in the Caledonia Highlands and SW Uplands. Sedimentary basins are present in these regions but are mostly of metamorphosed sedimentary rock (Matapédia Basin Complex), or of a scale too small for subsurface storage (Restigouche, Victoria, Saint John and Charlotte sub-basins of the Maritimes Basin Complex).
Large expanses of sedimentary rock, of various types that can act as either the reservoir or the seal, constitute sedimentary basin fill of the New Brunswick Platform, Moncton Basin (including adjacent Cocagne Graben and Sackville Sub-basin) and Fundy Basin. These rocks underlie most of the remainder of the province as well as regions of the Gulf of St. Lawrence, Northumberland Strait, and Bay of Fundy that are under New Brunswick jurisdiction. Seismic and borehole (well) information in these regions confirms that, at least in part, the potential reservoir and seal rocks previously have not been buried too deeply and currently can extend to over 1 km depth in generally cold basins (<30° C/km temperature gradient). Under the aforementioned conditions and depth, CO 2 storage potential is enhanced because the CO 2 molecules can then behave a supercritical fluid and be more efficiently stored. The potential is somewhat less favourable in the western Bay of Fundy near Grand Manan because of a greater earthquake hazard that might affect infrastructure or fault seal of the storage reservoir.
The assessment of additional geological criteria necessary for the successful storage of CO 2 in subsurface coal seams, depleted oil and gas reservoirs, or saline (nonpotable) aquifers requires information from the storage depths. No boreholes currently penetrate any of these seams, reservoirs, or aquifers at required depths in the New Brunswick Platform or its continuation offshore. Information gathered from boreholes at slightly shallower depth in the Platform, and downdip in boreholes drilled under neighbouring Québec and PEI jurisdictions, indicate that suitable rocks could be present along New Brunswick's eastern and northern coastlines. However, until such time (following exploratory geophysical and borehole surveys)
